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ABSTRACT
Nutrient supply is a fundamental driver of primary productivity, and often a limiting factor for
organism growth in both open-ocean and coastal systems. Continental shelves are locations of
high primary productivity in the world’s oceans because of high nutrient supply. Understanding
the dominant transport mechanisms of nutrients in these locations is paramount to understanding
patterns in primary productivity. While there have been extensive studies of nutrient transport
and productivity on the Pacific Northwestern coast of the US (Davis et al., 2014, Siedlecki et al.,
2015, Ware and Thomson, 2005, Banas et al., 2009), there is renewed interest in understanding
these transport processes as dissolved oxygen (DO) decreases with climate change, leading to
persistent hypoxia (Siedlecki et al., 2015, Hickey and Banas, 2003). While the presence of
energetic internal waves have been documented on the Washington Shelf (Alford et al. 2012,
Zhang et al. 2015), the impact of this mechanism on coastal nutrient concentrations has not yet
been evaluated in detail in this region.

The purpose of this study is to describe and quantify the across and along-shelf transport
mechanisms of nitrate on the WA shelf and identify the dominant processes bringing deep,
dense, nutrient rich, low DO waters to coastal surface waters, focusing on internal waves and
upwelling. Data was sourced from the NANOOS (Northwest Association of Networked Ocean
Observing Systems) NEMO (Northwest Enhanced Moored Observatory) array, consisting of two
moorings off the coast of La Push, WA in 100-m water depth on the WA shelf. Observations of
nitrate concentration, water velocity, and surface wind velocity during the summer of 2014 are
used to estimate transport. Transport by canyon-enhanced upwelling and internal waves are
estimated from spectral variance as well as a classification scheme I developed to parse out
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baroclinic events. While wind driven up and downwelling dominated summer variability (34%),
internal-wave-driven variance was significant (28%13%). Sets of internal waves inundated the
shelf on approximately 12-hour timescales, increasing the nitrate concentration by approximately
7 umol/L during periods of internal wave influence (26.5% increase) with a mean nitrate flux
increase of 3.7 molmL-1s-1(18-fold increase). Wind driven upwelling increased surface nitrate
concentration by approximately 8 umol/L (30.3% increase) with a mean nitrate flux increase of
4.5 molmL-1s-1(22-fold increase). Confounding factors including Salish sea nutrient pumping,
the Columbia river plume, and the Juan de Fuca eddy were not quantified, but the potential
impact of their influence is discussed. Though during the study period (summer 2014), upwelling
was weaker than usual, enhancing the relative impact by internal waves, internal waves are likely
a significant contributor to nitrate transport on the WA shelf.
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1. INTRODUCTION
1.1 Nutrient Supply
Some of the highest primary productivity in the world’s oceans is found on continental shelves
(Yool and Fashman, 2001). The physical dynamics of these shelves dramatically affects nutrient
supply, a fundamental driver of primary productivity (Codispoti and Barber, 1989; Smith, 1984).
Continental shelves are locations of high primary productivity, largely due to high nutrient
supply, including nutrients like phosphorus, nitrogen, iron, and silicon. Increased nutrient supply
can also have an impact on the appearance, duration, and intensity of harmful algal blooms in
coastal systems (Giddings et al., 2014, Horner et al., 1997). On the Washington Shelf, nitrate is a
limiting nutrient for organisms (Alford et al., 2012), acting as a tracer for biological productivity.
There are numerous physical mechanisms influencing nutrient supply and retention on this shelf,
so evaluating the timing and extent of these mechanisms is key to understanding their
relationship to primary productivity on the shelf.

The nutrient supply on the Southern California shelf is shown to be dominated by both upwelling
and internal waves (McPhee-Shaw et al., 2007, Washburn and McPhee-Shaw, 2013), whereas
the Washington shelf nutrient supply is dominated by canyon enhanced upwelling, nutrient
pumping from the Salish Sea, and the Juan de Fuca (JDF) eddy (Alford and MacCready, 2014,
Davis et al., 2014, Allen and Hickey, 2010, Hickey 1979, 1989). Less is known about nutrient
supply by internal waves in this region, despite documentation of energetic internal waves
(Alford et al., 2012, Zhang et al., 2015, Hamann et al., 2018). The goal of this study is to use a
long, high-resolution time series to investigate whether nutrient transport by internal waves is
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evident at this site on the Washington shelf, in addition to the better understood upwelling
transport.

1.2 Wind Driven Coastal Upwelling
Coastal upwelling plays a monumental role in supplying the shelf with deep water from below
the shelf break, where nutrients are high, and oxygen and temperatures are low. Upwelling
occurs as the winds shift to a northerly direction, transporting surface water towards the open
ocean via Ekman transport, setting up equatorward geostrophic currents, and consequentially
drawing up near-bottom, deep water shoreward (Smith, 1974). This mechanism is the most
prominent from April to September during the summer upwelling season, when upwellingfavorable winds blow persistently over the Washington Shelf (Smith, 1974, Huyer, 1983).
According to recent models of the Washington shelf, wind-driven upwelling of cold, nutrient
dense water accounts for 1/3 of primary productivity (Davis et al., 2014). Deep waters are also
transported into the Strait of Juan de Fuca and the Salish Sea (Davis et al., 2014, Siedlecki et al.,
2015), introducing high nutrients, low dissolved oxygen, and low-pH into the nearby estuarine
environment.

As the source waters for coastal upwelling, the California Current System (CCS) is an important
player in the nutrient transport along the western coast of the US. The CCS is a system of
interconnected currents transporting water in the north-south direction along the western coast of
the US and parts of Canada. Just off the continental US shelf, the North Pacific Current (NPAC)
flows equatorward in the surface waters, while the California undercurrent flows poleward at
depth (Hickey 1979). These deep waters are high in nutrients due to the lack of consumption by
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organisms in addition to the release of nutrients in the process of decay over long periods of
time. When these deep, high nutrient, low oxygen waters are transported up onto the shelf and
into surface waters, productivity increases, and the presence of low oxygen water is amplified.

Upwelling transports low DO, nutrient rich, water up into a productive shelf environment, so the
effects of climate-change-driven shifts in hypoxia in this location are amplified (Grantham and
Chan, 2004). Recent observations show a decline in DO in California undercurrent waters, the
source waters for upwelling, along the coast of the Western United States (Bograd et al., 2003,
2019). As these source waters become more and more oxygen depleted, the risk of seasonal
hypoxia/ anoxia is increased. In addition to the decrease in DO of source waters, studies have
found that the strength of upwelling favorable winds impacts the severity of hypoxia in the midouter shelf (Connolly et al., 2010, Siedlecki et al., 2015). With the compounding effects of the
dynamics of this location, shifts in climate and circulation that have nominal effects in other
locations have an amplified effect on hypoxia in this region. Persistent hypoxia has been
documented on the shelf and the surrounding Salish sea estuary (Siedlecki et al., 2015, Connolly
et al., 2010, Grantham and Chan, 2004), so identifying what mechanisms are most dominant
throughout the year is important for our understanding of oxygen depletion in this location.

1.3 Canyon Enhanced Upwelling
Just off the shelf, there is an extensive array of marine canyons that carve down the continental
slope. These marine canyons (specifically the Juan De Fuca Canyon) amplify the injection of
nutrients to the shelf via upwelling (Allen and Hickey, 2010, Connolly and Hickey, 2014), As
upwelling occurs, water is transported up the slope onto the shelf. With marine canyons present,
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this transport is intensified by the bathymetry and channeling of water through the canyons,
suppling the shelf with a higher concentration of nutrients from deeper down in the water column
compared to locations where these canyons are not present (Hickey 1989, Allen et al., 2001,
Allen and Hickey, 2010, Connolly and Hickey, 2014, Alford and MacCready, 2014).

1.4 Internal Waves
In this region, internal waves are created via tidal forcing, occurring approximately every 12.4
hours (Alford and MacCready, 2014). As water flows tidally back and forth over the bathymetry
in this region, the uneven seafloor creates waves in the interface between stratified density layers
in the water column. Energetic internal motion can lead to turbulence and mixing, influencing
both the shallow and deep ocean (Alford and MacCready, 2014). The internal waves observed on
the WA shelf are some of the largest relative to depth measured in the world, with a wave height
to water column depth ratio of 0.38 (Alford et al., 2012) compared to the previous largest
documented in the South China Sea of 0.35 (Lien et al., 2012). These waves propagate slowly in
shallow depths, making them more non-linear compared to the deep ocean where waves
propagate linearly at higher speeds (Nash et al. 2012). This non-linearity allows internal waves to
transport mass, and therefore nutrients. Internal waves on the Washington shelf have been
measured to reach a maximum wave amplitude of 38 meters in 100 meters of water (Alford et al.
2012, Zhang et al. 2015). By transporting deep, sub-thermocline water into nearshore surface
water, internal waves can greatly impact the water properties of the coastal ocean (Reid et al.
2019). Internal waves transporting cold, high-density water up to the surface from deep also
contribute to the presence of low DO surface waters, as this deep water has been depleted of
oxygen due to its age. Understanding the extent of internal wave transport in comparison to other
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transport mechanisms can help identify internal wave contribution to DO concentrations and
shifts in primary productivity.

1.5 Internal Wave-Driven Transport and Mixing
Studies have demonstrated a link between internal waves and consistent, periodic nutrient supply
to continental shelves. In a study of Conch Reef, Florida, Leichter et al. (2003) found that
internal tidal bores result in a 10 to 40-fold increase in nitrogen and phosphorus, and an increase
in nutrient flux of 1-2 orders of magnitude relative to ambient conditions in this location. While
the influence of internal waves is periodic, the effect that they have on nutrient concentrations
during their presence is enough to make a prominent impact on the coastal environment. This
connection between internal waves and nutrient transport has also been demonstrated by
McPhee-Shaw et al. (2007) and Washburn and McPhee-Shaw (2013) on the California shelf,
finding that internal waves exposed kelp forests in the inner shelf to high dissolved inorganic
nitrate (DIN; nitrate + nitrite + ammonia) for periods of 6-9 (McPhee-Shaw et al., 2007), enough
time to allow the uptake of nutrients. Using a daily DIN budget, they found that internal waves
were the second-most dominant cross-shelf transport mechanism aside from winter and spring
upwelling (McPhee-Shaw et al., 2007). This transport mechanism is vital for sessile organisms
like giant kelp, especially during summer months when nutrients are depleted [Zimmerman and
Kremer, 1984; Brzezinski et al., 2013](Washburn and McPhee-Shaw, 2013). The previous
understanding of across-shelf nutrient transport in this location was centered around up and
downwelling cycles, so quantifying the prevalence of internal waves and their impact on nutrient
transport revealed a key aspect of the dominant transport mechanisms on the southern California
shelf. While the presence of energetic internal waves has been studied on the Washington Shelf,
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the impact that this mechanism has on coastal nutrient concentrations has not yet been studied in
detail.

1.6 Salish Sea Nutrient Pumping
Another feature of the WA shelf that complicates the nutrient transport story in this location is
proximity to the Strait of Juan de Fuca. The estuarine nutrient pumping of the Salish Sea and the
Strait of Juan de Fuca is one of the largest contributors to the nitrate variability on the shelf,
accounting for 1/3 of the total primary productivity (Davis et al., 2014). With river input driving
surface water out of the Salish sea, a flux of deep, cold, nutrient-rich water flows into the Salish
Sea from depth (MacCready & Geyer 2010, MacCready et al., 2021). As this exchange flow
occurs, energy from tidal mixing causes water to flow over variable bathymetry in the Salish
Sea, mixing these nutrients into surface waters. This nutrient rich water is then pumped out of the
Strait of Juan de Fuca at tidal frequencies, supplying the shelves in close proximity (as far as
400m south) with nutrients such as nitrogen and phosphorus (Davis et al., 2014). The DIN
concentration of the water expelled from the estuary at the surface is of similar magnitude to that
of deep water being pumped into the strait at depth (Davis et al., 2014), proving this to be an
effective method for nutrient transport from deep to surface waters. This nutrient pumping on the
continental shelf can have influence on the shelf as far as the Oregon Shelf when conditions
permit (Davis et al., 2014). This source of nutrients further complicates the record of nutrient
transport on the WA shelf, magnifying the importance of quantifying these transport mechanisms
in detail. This study is limited to evaluating the nitrate variability on the shelf due to upwelling
and internal waves, but I expect the influence of the Salish Sea nutrient pumping to be a
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confounding factor. Further deliberation of the magnitude and influence of this mechanism is
conducted in the discussion section.

1.7 Columbia River Plume
Another feature that effects the nutrient supply and local physical dynamics of the Washington
shelf is the Columbia River Plume. The Columbia river plume has the largest discharge rate of
any other river into the Pacific Ocean (Gerber, 1992), with high nutrient concentrations (Gilbert
et al., 2013). As these nutrients are transported into the ocean, tidal and wind mixing processes
influence the distribution of nutrients like nitrate and iron in coastal, near-shelf waters (Lohan
and Bruland, 2006, MacCready et al., 2009, Davis et al., 2014). During upwelling favorable
winds, the direction of the plume extends to the south and away from the coast, while during
downwelling favorable winds, the plume extends to the North along the coastline [Landry and
Hickey, 1989] (Frame and Lessard, 2009). This influence has been the subject of many modeling
simulations on the Washington shelf. In addition to the distribution of nutrients on the shelf,
Banas et al. (2009) found that the Columbia river plume plays a role in shifting primary
productivity to deeper water, and influencing the retention time and age of primary producers on
the shelf. This plume has also been found to aid in the transport of harmful algal blooms during
downwelling favorable winds [Giddings et al., 2014](Davis et al., 2014). While the Columbia
river plume does regionally affect the distribution of phytoplankton, the productivity of the shelf
is more greatly affected by the Salish Sea nutrient pumping (Davis et al., 2014). While this may
have a smaller effect on the overall nutrient transport to this location, it is a potential
confounding factor in this study and will also be deliberated more in the discussion section.
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1.8 Nutrient Retention
A feature of the WA shelf that contributes to nutrient retention and increases primary
productivity is the broadness of the shelf. Compared to the California shelf, the WA and OR
shelves are wide, averaging 50 km in width, as opposed to the 25 km average California shelf
width. This broad, shallow shelf with weak cross-shelf transport helps retain nutrients in the
euphotic zone where they are readily available for use by organisms (Siedlecki et al., 2015).
Farther south in the CCS where shelves are shorter in distance, nutrients are rapidly exported
offshore (Strub et al., 1991), whereas the wider shelves of the northern CCS retain nutrients
introduced by other mechanisms on the shelf area (Davis et al., 2014). The broadness of the shelf
together with weaker cross-shelf transport causes nutrients to remain on the shelf for a longer
period of time, allowing them to be more readily available for primary producers.

The Juan de Fuca eddy is another feature that contributes to nutrient retention on the WA shelf.
As nutrient-rich water is being pumped out of the Salish sea via the strait, the Juan de Fuca eddy
traps these nutrients near the mouth of the strait during the summer/ fall upwelling season
(Siedlecki et al., 2015, Hickey and Banas, 2008, MacFayden and Hickey, 2010, Giddings et al.,
2014). These factors influence the sensitivity of the WA shelf to harmful algal blooms and
anoxic events (Horner, 1997, Trainer et al., 2009, Pitcher et al., 2010), so understanding when
these events are most dominant is essential to the health of the shelf.

In this location, the Juan de Fuca eddy has been found to retain introduced nutrients on the shelf
(Giddings et al., 2014, MacFayden and Hickey, 2010, MacFayden et al., 2005), but eddies also
have the ability to advect previously upwelled water into the inner shelf, as well as vertically mix
nutrients within the eddies themselves (Bassin et al., 2005). In a study of sub-mesoscale eddies in
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the Southern California Bight, Bassin et al. (2005) found that there was an order of magnitude
increase in nitrite and nitrate levels when eddies are present, in addition to producing cross-shelf
transport of nutrients to the inner shelf environment. This retentive feature also is a “hot spot” for
harmful algal blooms, low oxygen, and increased primary productivity [Trainer et al., 2009;
Crawford and Pena, 2013; MacFadyen et al., 2008; Siedlecki et al., 2014] (Davis et al., 2014).

2. STUDY OBJECTIVES
This research was an opportunity to study a location of oceanographic interest with a time series
of nitrate concentration (umol/L) at high temporal resolution ( ~1 hour) and quantify the along
and across shelf variability of nitrate, focusing on across-shelf nitrate flux. The mooring data
used for this analysis are sourced from two moorings close in proximity set on the mid-outer
shelf. These moorings collect time series data of water column and meteorological data over
multiple years, but a 46 day record in the summer/fall of August 2014 will be used for analysis
due to the overlap between data sources and higher resolution ADCP data in this year. More
detail about these moorings will be provided in the methods section. Data was not available to
address mechanisms like the Salish Sea nutrient pumping, canyon enhancement, shelf retention,
or the Columbia river plume, so analysis will be limited to identification of transport related to
wind-driven upwelling and internal waves. This analysis will be focused on identifying events of
increased nutrient flux and concentration and determining methods to categorize nutrient flux
driven by upwelling or internal wave cross-shelf transport. The initial approach of this study was
to conduct a nitrate budget following the method developed in McPhee-Shaw et al. (2007). Using
this method, I would be able to determine how many of the total days above a nitrate flux
threshold that the DIN flux could be attributed to upwelling or the across-shelf internal tide.
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Since this method didn’t apply appropriately to this data set, I developed a classification scheme
to fit this data set and achieve a similar goal. This analysis allowed the classification of nutrient
transport events and the quantification of nitrate variability during these events. This
quantification in conjunction with the categorization of transport mechanisms helped develop a
better understanding of the primary forces affecting nutrient variability, primary productivity,
and oxygen concentration on the Washington shelf during a year of interesting atmospheric and
physical oceanographic conditions.

Questions of Interest
-How do nitrate, velocity, and nitrate flux vary in time?
-How do internal wave driven nitrate fluxes compare to wind-driven nitrate fluxes?
-How can we characterize internal waves on the WA shelf and how do they influence transport?

3. METHODS
3.1 NEMO Moorings
Data was provided to me by John Mickett at the University of Washington applied physics lab
(APL), who deploys and maintains these moorings, as well as conducts some pre-processing on
the raw data. This study uses elements of the Northwest Enhanced Moored Observatory
(NEMO), part of the Northwest Association of Networked Ocean Observing Systems
(NANOOS). This is the regional association of the national Integrated Ocean Observing System
(IOOS) in the Pacific Northwest, primarily Washington and Oregon. The two moorings used for
this study are soured from the NEMO array, excluding the sea glider that is also a part of this
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observatory. These two moorings consist of one surface (Cha_Ba) and one subsurface
(NEMO_ss) mooring and are located on the Washington Shelf just off the coast of La Push, WA.
These moorings are deployed in 100m of water, approximately 500 meters apart at 47°57.957'N,
124°-56.954'W (Cha_Ba) and 47° 57.8' N 124° -56.898 ‘W (NEMO_ss) (Figure 1).

Figure 1. Map of local bathymetry around NANOOS moorings NEMO_SS and ChaBa in 100-m
water depth at 47°57.957'N, 124°-56.954'W (Cha_Ba) and 47° 57.8' N 124° -56.898 ‘W
(NEMO_ss). One marker is used to mark location due to the proximity of the moorings.

Data was collected at these moorings each summer for periods of approximately 3-6 months
from 2010-2022, but a 46 day record starting in the summer/fall of August 2014 will be used for
analysis due to the overlap between data sources and higher resolution ADCP data in this year.
From the NEMO_ss mooring, data from the McLane moored profiler was used, an instrument
that crawls up and down the mooring line, continuously sampling a range of data types at
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discrete depths, approximately every hour (Figure 2). This study uses salinity (ppt), temperature
(°C), oxygen (mg/L), and nitrate (umol/L) data from this instrument during the study period. The
moored profiler does a full profile pair every 2 hours, crawling along the mooring line between
18 and 92 m depth at a speed of 25 cm s–1. The NANOOS moored profiler was the first of its
kind to carry a nitrate sensor, so these in-situ nitrate concentration measurements are extremely
valuable. Data used from the Cha_Ba mooring consists of a 300 kHz Workhorse ADCP (acoustic
doppler current profiler) set at approximately 7m depth, sampling in 2m bins every 5 minutes.

Figure 2. Mooring diagram of NEMO_SS and ChaBa NANOOS moorings in 100m of water off
the coast of La Push, WA. Figure courtesy of the University of Washington Applied Physics lab
(APL).
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3.2 Upwelling Index
Upwelling index data was sourced from Environmental Research Division (ERD), providing a
6hr, 3° Bakun upwelling index calculated via the methods below:
“ERD upwelling index calculations (Schwing et al., 1996) are based on estimates of offshore
Ekman transport driven by geostrophic wind stress. Geostrophic winds are derived from mean
surface atmospheric pressure fields provided by the U.S. Navy Fleet Numerical Meteorological
and Oceanographic Center (FNMOC), Monterey, CA” (ERD). More details on this index can be
found in the link provided in the citation.

3.3 NDBC Data
Historical data from the Cape Elizabeth (46041) NDBC (National Data Buoy Center) buoy at
47.35°N 124.73°W was used for collecting wind velocity data during the study period (NDBC).

4. RESULTS
4.1 Water Column Behavior
One objective of this analysis was to describe patterns of water column movement and
parameters such as nitrate concentration, dissolved oxygen (DO). These variables were plotted
over time from the NEMO_ss profiler and the Cha_Ba ADCP to observe how these variables
changed over depth and time. The year of 2014 had the highest resolution data with the longest
overlap between ADCP and profiler data, so I chose this time period for analysis. In the nitrate
concentration record, there is a what appears to be tidal pattern throughout the entire period
(Figure 3), with the water column oscillating between high and low nitrate on a timescale of
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approximately 12 hours. Nitrate is higher in the bottom portion of the water column, and lower in
the top, ranging from 2.3 to 38.1 umol/L. In addition to this tidal signal, there are periods of high
stratification in the water column as well as periods where the water column was more uniform
in nitrate concentration top to bottom.

Figure 3. Nitrate concentration (umol/L) versus depth (m) (y-axis) and time (x-axis) observed at
the NEMO profile mooring from August 21 to October 6 at 1hr, 1m depth resolution.

Across-shelf (U/eastward) component of velocity from ChaBa is plotted in Figure 4a, with red
coloring (positive values) indicating eastward (onshore) flow and blue coloring (negative values)
indicating westward flow(offshore) (Figure 4a). North/ South and East/West velocities in this
location were approximately along and across-shelf, so this terminology will be used going
forward. The across-shelf component of velocity within this time period ranges from 0 to 0.69
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m/s in the positive direction, and from 0 to 0.63 m/s in the negative direction. From this plot, we
can see periods of uniform full water column movement as well as periods of baroclinic motion
where surface water and deep water are travelling in opposing directions. Along-shelf (V/ northsouth) component of velocity, with red coloring and positive values indicating northward flow
and blue coloring (negative values) indicating southward flow are plotted in Figure 4b. The
along-shelf component of velocity within this time period ranges from 0 to 0.88 m/s in the
northward direction, and from 0 to 0.57 m/s in the southward direction. Similar to the acrossshelf component of velocity, we see periods of uniform full water column movement as well as
periods of baroclinic motion where surface water and deep water are travelling in opposing
directions.

Figure 4a. V-component of velocity (N/S) (m/s) versus depth (m) (y-axis) and time (x-axis)
observed at the Cha_Ba mooring from August 21 to October 6 b. U-component of velocity
(E/W) (m/s) versus depth (m) (y-axis) and time (x-axis) observed at the Cha_Ba mooring from
August 21 to October 6.
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Dissolved oxygen (DO) concentration (mg/L) was plotted with blue colors indicating lower DO
concentrations, and yellow colors indicating higher concentrations (Figure 5). DO ranges from
0.36-8.28 mg/L over this time period. DO concentrations are lower at the bottom portion of the
water column, and higher in the surface. This water column constituent showed tidal fluctuations
on the order of approximately 12-hour intervals. On top of this signal, there are periods where
the water column is more stratified and DO is higher in the surface and lower at depth, as well as
periods where the water column is more uniform in DO from top to bottom. There is also
evidence of hypoxia at depth, with DO values below 1 mg/L reaching up to 30-m depth for days
at a time.

Figure 5. Dissolved Oxygen (mg/L) versus depth (m) (y-axis) and time (x-axis) observed at the
NEMO profile mooring from August 21 to October 6 at 1hr, 1m depth resolution.
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Salinity (ppt) was plotted with blue colors indicating lower salinity, and red colors indicating
higher salinity (Figure 6). Salinity is higher in the upper portion of the water column and lower
near the top, with a range of 30.9 to 33.4 ppt. Salinity appears to fluctuate on a tidal frequency,
with underlying periods where the water column is more stratified and salinity is lower in the
surface and higher at depth, as well as periods where the water column is more uniform in
salinity from top to bottom.

Figure 6. Salinity (ppt) versus depth (m) (y-axis) and time (x-axis) observed at the NEMO profile
mooring from August 21 to October 6 at 1hr, 1m depth resolution.

Temperature (°C) was plotted with blue colors indicating lower temperatures, and red colors
indicating higher temperatures (Figure 7). Cold water dominates much of the water column here,
with colder water at depth and warmer water near the surface. The temperature range over this
period is 7.2 to 15.1 °C. Temperature appears to fluctuate on a tidal frequency, with periods
where the water column is more stratified and temperature is higher in the surface and lower at
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depth, as well as periods where the water column is more uniform in temperature from top to
bottom. This pattern is more subtle due to the sharp gradient in temperature over depth as well as
the data not extending as high into the surface water.

Figure 7. Temperature (°C) versus depth (m) (y-axis) and time (x-axis) observed at the NEMO
profile mooring from August 21 to October 6 at 1hr, 1m depth resolution.
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4.2 Nitrate Flux
Nitrate flux values in the water column were calculated in order to describe the combined effects
of water velocity and nitrate concentration.
Nitrate flux FN can be defined by:
(1)
̅
𝐹𝑁 = 𝑁𝑈
𝑊ℎ𝑒𝑟𝑒 𝑁 = 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑛𝑖𝑡𝑟𝑎𝑡𝑒 (

𝑢𝑚𝑜𝑙
𝐿

) , and

̅ = (𝑢, 𝑣), is the total velocity vector.
𝑈

To calculate FN, overlapping records from the ADCP and moored profiler data were used. Both
variables were interpolated to 1-hour temporal and 2-meter spatial grids. Across-shelf nitrate flux
ranged from -8.1 to 10.7 molmL-1s-1. In the plot of across-shelf nitrate flux, there are periods
of baroclinic motion where the top and bottom of the water column are moving in opposing
directions as well as periods of barotropic motion where the whole water column is moving in
the same direction (Figure 8).

Figure 8. Across-shelf nitrate flux calculated by methods described in Eq.1 (molmL-1s-1).
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Along-shelf nitrate flux ranged from -13.7 to 20.8 molmL-1s-1. In the plot of along-shelf
nitrate flux, there are periods of baroclinic motion where the top and bottom of the water column
are moving in different directions as well as periods where the whole water column is moving in
the same direction (Figure 9). Across shelf nitrate flux will later be used to classify when internal
waves vs other mechanisms are acting on the shelf.

Figure 9. Along-shelf nitrate flux (molmL-1s-1) calculated by methods described in Eq.1.

4.3 Spectral Analysis
Initial spectral analysis was used in order to shed light on the dominant processes that transport
nitrate on and off the shelf. Energy in the weather band (3-10 days) shows processes related to
upwelling, wind reversals, or storms. Energy in the tidal band (12-24 hours) demonstrates the
importance, or lack thereof, of tidal forces (barotropic tides/ internal tides). If spectra were to
demonstrate strong energy in the tidal frequencies, this could indicate that it is worth pursuing
further for evidence of internal tidally driven cross-shelf flux.
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After completing the spectral analyses, I determined that the tidal band had high energy (Figure
10). In the plot of across-shelf nitrate flux, across-isobath U velocity, along isobath V velocity,
and across- shelf heat flux (Figure 10), peaks of high energy are seen at both 1 cpd (24-hour
timescale) and approximately 2 cpd (roughly 12-hour timescale). This is consistent with the
semidiurnal tidal pattern at this location, indicating that the dominant processes transporting
nitrate on the shelf during this time period are tidal mechanisms, and internal tidally driven
cross-shelf fluxes should be investigated.
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Figure 10. Frequency power spectra calculated from the record of cross-shelf nitrate flux
(molmL-1s-1), temperature (C), cross isobath-U velocity (m/s), along-isobath-V velocity
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(m/s), nitrate (umol/L), and cross-shelf heat flux from the NEMO profiling and ChaBa surface
mooring hourly data.

4.4 EOF Analysis
EOF (empirical orthogonal function) analysis was done on both the along and across shelf
components of velocity in order to determine dominant modes of water movement during this
time period. From this analysis, the dominant mode (mode 0) in the along-shelf velocity is
barotropic, with no zero crossings (Figure 11). The whole water column is oscillating back and
forth between north/ south directions, indicative of barotropic flow (Figure 12). The second
dominant mode (mode 1) shows signatures of a baroclinic internal wave mode, with one zero
crossing. The top and bottom of the water column is oscillating back and forth with opposing
directions of flow top to bottom. In the across-shelf velocity, the first dominant mode (mode 0) is
baroclinic, with one zero crossing at approximately 40m depth (Figure 13). It shows signatures
for an internal wave mode with oscillatory top and bottom water column movement (Figure 14).
The second dominant mode (mode 1) shows more centralized oscillatory water column
movement with one zero crossing as well. The primary goal of this analysis was to determine the
depths that delineate the top and the bottom portions of the water column for use in the next
section.
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Figure 11. Eigenvectors of the 3 most dominant modes of along-shelf velocity from EOF
analysis plotted against depth.

Figure 12. EOF of V-component of velocity (m/s). modes 0 and 1.
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Figure 13. Eigenvectors of the 3 most dominant modes of across-shelf velocity from EOF
analysis plotted against depth.

Figure 14. EOF of U-component of velocity (m/s), modes 0 and 1.
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4.5 Baroclinicity Intensity Index
To evaluate when baroclinic motion was dominant, I defined a baroclinicity intensity index (BII)
to quantify baroclinic motion in nitrate flux within the water column. To calculate this, I
bandpassed the values of nitrate flux with a tidal band of 0.038 to 0.5 cpd, to keep the tides and
filter out event-scale signatures. From there, I created an index to quantify the magnitude of the
difference between the onshore/offshore nitrate flux within a range of depths that were
representative of the upper (20-46m) and lower (54-78m) portions of the stratified water column.
The EOF zero crossings above were used to determine the most suitable upper and lower depth
ranges. This index consisted of taking the average in each 12-hour time period and then
subtracting the average of the bottom portion of the water column from the average of the top
portion of the water column (Figure 15, Eq. 2). This index provides a way to look at the temporal
variability of the intensity of baroclinic motions in 12-hr increments, analogous to the way that
the standard upwelling index represents increments of the bulk intensity of upwelling.

BNtop= bandpassed nitrate flux values in the top portion of the water column (20m-46m)
BNbot=bandpassed nitrate flux values in the bottom portion of the water column (54m-78m)
∑12
∑12
𝑖=1 𝐵𝑁𝑡𝑜𝑝(𝑖)
𝑖=1 𝐵𝑁𝑏𝑜𝑡(𝑖)
−
= 𝐵𝐼𝐼
12
12

(2)
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Figure 15. Time-series of baroclinicity intensity index during the study period. The horizontal
red line indicated the mean BII over this time period; blue lines show one standard deviation
from this mean.

4.6 Upwelling Index
The 3-degree, 6-hour Bakun upwelling index (“ERD”, Figure 16) was plotted to determine when
canyon-enhanced upwelling is the most dominant during this time period. This time period
consisted on one larger, very intense period of downwelling, and a couple smaller upwelling
events. Upwelling index was plotted against wind velocity vectors as well as north/south wind
velocities (Figure 17) to identify how well this upwelling index aligned with upwelling favorable
winds. From this plot, we can see strong northward winds align in timing with the strong
downwelling event, and the smaller upwelling events align with shorter, weaker periods of
southward winds (Figure 17).
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Figure 16. Time-series of ERD 3-degree 6-hour Bakun upwelling index with a red line indicating
an upwelling index of 0.
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Figure 17a. Time series plot of upwelling index over the study period. b. Time series plot of
wind velocity vectors over the study period. c. Time series plot of North/ South wind velocities
(m/s).

When the upwelling index is near-zero and the BII values are high, we could expect to see
internal waves in the water column, and when BII is low and upwelling index is high (or low),
we could expect to see up or downwelling events dominate the water column. This is groundtruthed by looking at the record of along-shelf velocity to visualize internal waves during these
periods. There are some periods where both BII and upwelling index are high, or BII is high and
upwelling index is negative. These could be periods where up or downwelling winds are
favorable, yet upwelling/ downwelling do not actually occur, and the water column is dominated
by baroclinic motion.
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4.7 Classification of Events
In order to classify events during this time period, a combination of the indicators calculated
above were used. The time series of BII is plotted against a 3-degree Bakun upwelling index
(“ERD”, Figure 19) to determine when either internal waves or canyon-enhanced upwelling is
the most dominant during this time period (Figure 18). To indicate when upwelling was
occurring, the upwelling index was plotted on top of nitrate concentration (Figure 19a), and
periods were chosen where the upwelling index was high and the nitrate concentrations filled the
water column from depth. To indicate when internal waves dominated the water column, BII was
plotted over the U-component of velocity (Figure 19b). In addition to being able to see these
internal waves in the velocity record, the BII indicated when baroclinic motion in the water
column was the highest, identifying intense internal wave motion. This was also confirmed using
the nitrate record, looking at periods where the water column was well stratified compared to
upwelling events where the water column fills with high nitrate concentrations. Upwelling was
dominant for 22% of this time period, downwelling was dominant for 12%, and internal waves
were dominant for 28%  13% (Figure 19). This range of percent dominance values was
calculated using two thresholds of BII. The lower of these was the mean BII, as shown in the red
line on figure 15; the higher threshold indicating the mean BII plus one standard deviation, as
shown by the upper blue line on figure 15. Together, wind driven up/ downwelling were
dominant at this location for 34% of the record. From this breakdown of events, upwelling and
downwelling events dominate the time period, and internal waves become more dominant during
periods of strong stratification.

30

Figure 18. Time series of ERD upwelling index plotted alongside Baroclinicity intensity index
(BII).
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Figure 19. (a) Plot of Time-series depth profile of nitrate concentration (umol/L) from NEMOSS moored profiler with ERD upwelling index overlaid. (b) Plot of Time-series depth profile of
U-component of velocity from ChaBa ADCP with BII overlaid. Boxes represent transport
mechanism classifications, with black boxes indicating internal waves, blue boxes indicating
downwelling, and red boxes indicating upwelling.
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4.8 Internal Waves
With the knowledge that internal waves in this location are tidally forced (Alford et al., 2012,
Zhang et al., 2015), we can look to the across-shelf component of velocity to visualize these
internal waves, as they are created as stratified water flows over variable bathymetry. When the
water column is adequately stratified and other conditions are conducive, sets of internal waves
arrive approximately every 12 hours. This can be seen in figures 20, 21, 22, visualizing internal
waves at smaller and smaller timescales.

Figure 20. Plot of U-Velocity (m/s) with depth over a 3.5 day timescale, with ~8 sets of internal
waves visible.
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Figure 21. Plot of U-Velocity (m/s) with depth over a 24-hour timescale, with 2 sets of internal
waves visible.

Figure 22. Plot of U-Velocity (m/s) with depth over a 7-hour timescale, with individual waves
within the set of internal waves visible.
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Looking more closely at internal wave motion, different types of internal waves were observed
throughout the study period. Some of these sets include solitary internal waves (where only one
individual wave is visible at a time, Figure 23), solitary wave trains (where individual waves are
defined, but arrive in sets, Figure 24), and internal bores (where individual waves are less
defined, Figure 25). The individual internal waves within these sets each last for a period of
approximately 5-30 minutes, with heights within a range of approximately 20-40m.

Figure 23. Solitary internal wave captured in the across-shelf component of velocity (m/s) at
ChaBa.
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Figure 24. Solitary wave train captured in the across-shelf component of velocity (m/s) at ChaBa.

Figure 25. Internal bore captured in the across-shelf component of velocity at ChaBa.
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4.9 Internal Wave-Driven Transport
Due to the short length of the ADCP record, the evaluation of the influence of internal waves on
nitrate concentration are limited to a 46 day record. Since the overlap between nitrate and alongshelf velocity is relatively short and flooded with a large event occurring in the middle, the
demonstration of this link is a period of strong stratification (August 21-28th) where internal
waves can be clearly visualized (Figure 20). Nitrate variability by internal wave motion was
determined by evaluating the change in nitrate concentration and flux at 54 m depth. The average
value of increased concentration or flux during internal wave motion was compared to the
average value of concentration or flux throughout the entire period. At 54m depth during internal
wave motion, nitrate increased from an average background value of 26.4 umol/L to a value of
33.4 umol/L, an increase of 7.0 umol/L (Figure 26). Sets of internal waves are visible in the
across-shelf nitrate flux, with similar periodicity, but individual waves within these sets cannot
be resolved (Figure 27). During internal wave events, across-shelf nitrate flux oscillates between
an average value of -0.2 molmL-1s-1 to a value of 4.3 umol/L/m/s, increasing nitrate flux by
3.7 molmL-1s-1 in the onshore direction.
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Figure 26. Time series of nitrate concentration (umol/L) at 54m depth with a line indicating
average nitrate concentration (umol/L) during a period of internal wave action.

Figure 27. Internal waves seen in across-shelf nitrate flux (molmL-1s-1) calculated by methods
described in Eq.1.
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4.10 Upwelling-Driven Transport
While the upwelling events were weaker and less prominent than would be expected during the
upwelling season, they still contributed change in nitrate concentration and flux. To demonstrate
the transport of nitrate driven by upwelling, 3 periods of strong upwelling were used (Figure 28).
Nitrate variability by wind-driven upwelling was determined by evaluating the change in nitrate
concentration and flux at 54 m depth. The average value of increased concentration or flux
during upwelling events was compared to the average value of concentration or flux throughout
the entire period. During these periods, nitrate concentration increased from an average value of
26.4 umol/L to 34.4 umol/L, for a change of 8.0 umol/L (Figure 29). Across-shelf nitrate flux
increased from an average value of -0.2 molmL-1s-1 to 4.3 molmL-1s-1, transporting nitrate
onto the shelf at a rate of 4.5 molmL-1s-1 during upwelling.
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Figure 28. Time-series depth profile of nitrate concentration (umol/L) from NEMO-SS moored
profiler with ERD upwelling index overlaid. Red box indicates a period of upwelling in the
nitrate record that is focused on for this portion of the analysis.
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Figure 29. Time series of nitrate concentration (umol/L) at 54m depth with a line indicating
average nitrate concentration (umol/L) during periods of intense upwelling, indicated within the
red box.

4.11 Bottom Intensification
Identifying whether bottom intensification is present at this site is another way that I attempted to
indicate the presence of internal waves. To quantify the depth variation of the cross-shelf
component of nitrate flux, I generated the spectra of nitrate flux at 3 different depths on the shelf
(24m, 52m, and 74m) (Figure 30). By generating these spectra, I was able to compare the
dominant energy bands at different depths below the surface. At 1 cpd, the energy in the different
depths was very similar, almost indistinguishable. At a semidiurnal frequency, 24m depth
(shallowest) had the highest energy, then 74m depth, and finally 52m depth. From this, it looks
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like at semidiurnal frequencies there is more energy in the top and the bottom of the water
column and less in the middle of the water column.

Figure 30. Frequency power spectra of l hourly nitrate flux data at multiple depths. Red
represents 24m depth, blue represents 52m depth and green represents 74m depth.

4.12 T/N Relationship
This analysis was conducted in order to determine whether temperature can be used as a tracer
for nitrate within the range of temperatures where this relationship is present. Evaluating this
relationship would allow the use of temperature data to fill in values of nitrate when gaps are
present, or in-situ nitrate data is unavailable altogether. This has been done in multiple other
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studies, with varied results across study locations. In a study of Florida coral reefs, Leichter et
al., (2003) found that temperature alone was not a good proxy for nitrate concentration, and that
this estimation would likely yield an underestimation in this location. In another study of the
southern California shelf, McPhee-Shaw et al., (2007) found that temperature could be used as a
proxy for nitrate concentrations, but only in a range of 11.5 and 14C. To determine whether the
relationship between temperature and nitrate was strong enough to use for predictability,
temperature was plotted against nitrate (T/N ratio) and a best fit to a 4th order polynomial was
conducted.
Using data from the moored profiler, a least-squares fit to a fourth-order polynomial between
nitrate concentration (umol/L) and temperature ( °C) was N(T)=0.026T4+1.1T3-18T2+1.1e2T2.2e2 with a norm of residuals of 1,144.35 (Figure 31). Residuals were greatest between
temperature values of 7 and 11°C.
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Figure 31. (a) Temperature (°𝐶) plotted against nitrate concentration (umol/L). Least-squares fit
to 4th order polynomial overlaid with equation: N(T)=0.026T4+1.1T3-18T2+1.1e2T-2.2e2 (b)
Plotted residuals from least-squares fit to 4th order polynomial.

4.13 Increased Stratification
Often upwelling can increase stratification, amplifying internal wave motion along the
pycnocline. To evaluate this phenomenon, I plotted the difference in top/ bottom density in 12
hour intervals during this time period (similar to the BII), with upwelling index overlaid (Figure
32). From this plot, these two variables seem to be negatively correlated, with a high top/ bottom
density difference during downwelling, and low top/ bottom density difference during upwelling.
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Figure 32. Time series of vertical density difference (kg/m3) on top of upwelling index.

5. DISCUSSION
5.1 2013-2015 Warm Anomaly
During the study period, winds were predominantly directed towards the north, which was
surprising, given that this time period spanned peak upwelling season, where winds are
predominantly directed towards the south. I speculate that this may be attributed to the warm
anomaly that impacted the Eastern North Pacific in 2013-2015. During this time period, higher
than normal sea level pressure was present over the Eastern North Pacific, impacting windforced currents, and consequentially wind forced mixing (Bond et al., 2015). This caused
unusually warm coastal sea surface temperatures (Bond et al., 2015), and low chlorophyll levels
were documented likely as a result of decreased nutrient transports into the mixed layer
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(Whitney, 2015). This sea surface temperature anomaly affected local Washington climate as
well, with increased temperatures precipitation into the following years (“May Event Summary”,
2014).

Due to the resolution of the ADCP data and overlaps with the moored profiler data, the year
2014 was the only year used for analysis of event influence on nitrate variability. With this
limitation, we are not able to make generalized conclusions about transport mechanisms of
nitrate on the WA shelf beyond this singly spring/ summer. This being said, there is value in
developing this method of event characterization and evaluation of nitrate variability. Nitrate
variability due to internal waves has not been well studied in this location, so this is the
beginning of bridging a gap in knowledge of the mechanisms on the WA shelf, even if the
evaluation is only done in one year.

5.2 Water Column Behavior
Variables from the moored profiler like nitrate and oxygen concentration showed the tidal
variability expected from these variables, confirmed by the spectral analyses that were
conducted. This tidal variability was also visible in the along and across-shelf components of
velocity, confirmed by the EOF analysis, showing barotropic motion in the first most dominant
mode in along-shelf velocity and the third most dominant mode for across-shelf velocity. On top
of this tidal signal, there was event-scale variability, that was weaker during this specific summer
upwelling season. Being able to observe the water column at this resolution even over a shorter
summer time period is extremely valuable, allowing the visualization of patterns in variables like
nitrate concentration that may be overlooked in lower resolution datasets.
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5.3 Internal Waves vs Upwelling
5.3.1 Internal Waves
The periodicity and wave height of internal waves were consistent with the findings of previous
studies (Zhang et al., 2014), with waves of similar type and influence on the shelf. Since these
waves varied in their duration, strength, and type, their influence on nitrate concentration was
variable as well. The duration of the influence of internal waves on the shelf was dependent on
the type of waves (solitary, wave trains, or internal bores) and the amount of time that sets of
waves were acting on the shelf. A more in-depth evaluation of the influence that each of these
wave categories have on nitrate concentrations in this location could be a compelling subject for
further studies. These different internal wave types may also relate to nutrient flux by enhancing
vertical diapycnal mixing of vertical nutrient gradients. The combination of continuous nitrate
data with current data provides another source of future studies. Visualizing these waves in high
resolution alongside variables like nitrate and temperature allowed new insight into the effect of
internal waves have on nitrate transport and variability on the Washington shelf.

5.3.2 Comparison
This analysis allowed for the categorization of events transporting nutrients into the mid-outer
shelf environment. While upwelling and downwelling were the dominant transport mechanisms
for much of this time period, internal waves were still a prominent feature, even during the
upwelling season. During the study period, the influence that internal waves had on nitrate
variability was similar to upwelling, in both change in nitrate concentration (7 vs 8 umol/L) and
flux (3.7 vs 4.5 molmL-1s-1), as well as the duration of dominance on the shelf (28%13% vs
22%). This similarity is likely due to the weaker upwelling winds over the shelf during this

47

“warm blob” year, with minimal upwelling favorable winds. While this effect may only be
present during this specific anomaly, the similarity between internal waves and upwelling in their
effects on nitrate variability highlights the importance of evaluating the effects of internal waves
on nitrate variability in future work.

5.4 Possible Confounding Factors
This study was constrained to evaluating the effects of internal waves and upwelling, not
accounting for some confounding factors that may influence the nitrate record in this location.
The Columbia river plume is one of these factors, having the greatest effect on the study site
during downwelling favorable winds. As downwelling favorable winds blow over the coastal
ocean, the Columbia river plume is directed towards the north and along the coast, introducing
fresh, nutrient-rich river water to the surface of the coastal ocean at the study location (Rennie et
al., 1999, Johnson et al., 2001) [Lentz and Largier, 2006]. The impact that the Columbia river
has on nitrate concentration is the strongest 10 km from the mouth of the river (Davis et al.,
2014), so the nitrate variability in this location is likely not heavily influenced by the river plume
as it is located approximately 250 km from the mouth of the river. Even though the river plume
may not have a large impact on the nutrient variability in this location, it does introduce fresh
water to the study site, increasing stratification in the water column during downwelling winds as
seen in Figure 32. Increased stratification can provide optimal conditions for the propagation of
internal waves, possibly increasing transport of nutrients during periods of strong downwelling.
This is difficult to evaluate in a fixed location, as internal waves might not be visible in the
shifting pycnocline during downwelling events.
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Data was unavailable to evaluate the influence of the Salish sea nutrient pumping on nitrate
variability in this location. While this is true, the effect that the Salish sea had on the
categorization of events likely had a minimal impact on the event characterization, but could
have some influence on the nitrate variability due to internal wave motion, due to the fact that
they operate on similar timescales. This would be a great source for further analysis.

Data was unavailable to distinguish the effects of the Juan de Fuca eddy on nitrate transport to
the shelf, as these transports primarily occur in coastal surface waters, with data only available
after the top 20m in this location. In order to extract the effects of these events, surface nitrate
concentrations as well as surface salinity and water velocities would be necessary. This location
is likely influenced by the southern branch of the Juan de Fuca eddy, with a high salinity core
and onshore directed velocities (MacFadyen and Hickey, 2010, Giddings et al., 2014). To parse
out eddy influence on the shelf, we could identify periods of eastward flux of high salinity
surface water at the surface in this location. This could have an effect on the timing of dominant
events, but the influence of the Salish Sea nutrient pumping would likely overpower this smaller
source of nitrate variability. While some of these transport mechanisms cannot be identified, this
work amplifies the importance of having more in-situ nitrate observations and highlights the
value in understanding how internal waves and other transport mechanisms influence nitrate
variability in the coastal ocean.

During this time period, the density difference across the top and bottom of the water column
increased during downwelling events, and increased during upwelling events. This is likely
connected to the Columbia river plume, introducing low density freshwater to the surface waters
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north of the river mouth. As downwelling favorable winds blow over the shelf, the Columbia
river plume is directed northward and along the coast, introducing freshwater to the surface of
the study location and increasing stratification. This would also explain the increase in the
baroclinicity intensity index at this time, with elevated stratification amplifying internal wave
motion.

5.5 Bottom Intensification
While this didn’t turn out being a valid method for indicating internal waves at this location, this
may be useful in other locations with longer data records. This provided some insight into the
intensification in the top and bottom of the water column that was seen in the EOF analysis as
well, but wasn’t a good indicator of internal waves at this location.

5.6 T/N Relationship
If this data were useful for predictability, temperature data could be used as a tracer for nitrate in
locations where nitrate data is not available or is in low resolution. Since this is not attainable
with this data at this location, the value of having in situ nitrate data is amplified. This further
solidifies the need for this kind of mooring/ data to be collected by NANOOS, and promotes the
continuation of data collection like this, especially in this location.
The relationship between nitrate concentration has been successfully used in other parts of the
California current system, specifically central and southern California. McPhee-Shaw et al.
(2007) used this relationship in the Santa Barbara channel to calculate a proxy time series of DIN
where continuous in-situ DIN measurements were not available. This relationship was useful in a
temperature range of 11.5 to 14C, and provided a more continuous record of DIN that was not
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previously available. The evaluation that I conducted shows that the relationship between nitrate
and temperature cannot be used in this location in the absence of in-situ observations, despite this
method being used in other locations of the California current system.

5.7 Recommendations for Future Work
In future, it would be optimal to collect more continuous data for better spectral analyses over
longer time periods. With a longer, more continuous record of these variables, spectral analyses
would be more accurate in the end of larger scale weather events. If continuous data were to be
collected over multiple years, dominant transport mechanisms could be identified over seasonalscales, instead of just event-scales. This longer record would also remedy the issue that I ran into
trying to evaluate eddy events. Since the time period that I was using was during an unusual
weather anomaly, eddy events could have been “washed out” and harder to define. With a longer
record that extends past the upwelling season, I would have an easier time evaluating when these
eddy events are advecting nutrients into surface waters.

On top of having a longer time-series of data, it would be optimal to have the highest resolution
ADCP data as possible. This time period was used for analysis because it had 2m ADCP depth
resolution instead of 4m resolution and allowed for visualization of internal wave motion after
interpolation onto a 1hr time grid to match the moored profiler data. This resolution was
important for my analysis, so increasing the resolution on the ADCPs would allow for the
greatest visualization of these internal waves. I do understand that these factors are a trade-off in
some instrument setups, where increasing the depth resolution would decrease the time-series
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length. While this could be the case, it would be interesting to find a work around in order to
provide the highest resolution data for the longest time-series record.

Another recommendation that would make this analysis more useful for evaluating nitrate
transport on the shelf would be to add mooring arrays to create spatial data. Adding moorings to
create spatial data would allow for the calculation of a nitrate budget, which would be an
invaluable measurement in this location. With all of the complex transport mechanisms and
sources and sinks of nitrate on the Washington shelf, being able to calculate the contribution of
each mechanism would be valuable for a wide range of applications.
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